Background Compared with conventional polyethylene, first-generation highly cross-linked polyethylenes have low wear, but controversy exists regarding their reduced mechanical strength and/or retained free radicals. Secondgeneration highly cross-linked polyethylenes have been developed to reduce wear, maintain mechanical strength, and have oxidative resistance, but it is unclear whether they do so.
Introduction
Increased wear rates of conventional polyethylene have been associated with the development of osteolysis and reduction in the overall survivorship of THA [9, 15] .
Irradiating polyethylene to create cross-linking and reduce wear was pioneered by Grobbelaar et al. [13] in 1978 and Oonishi et al. [26] . To reduce polyethylene wear and wear debris, highly cross-linked polyethylenes (HXLPEs) became commercially available and FDA approved in 1998 [23] . The cross-linking process involves irradiation and heating to achieve stabilization. Heating may be done at a temperature lower than the melting point (annealing) or higher than the melting point (remelting). An advantage of remelting is that free radicals in the crystalline region are accessible for elimination [23, 25] . However, recrystallization of the molten state results in a change in the microstructure of the polyethylene and reduces crystallinity [19] . The consequence is reduction in the fatigue and ultimate tensile strength compared with conventional UHMWPE [4, 11, 23, 27] . Annealing has the advantage of causing little effect to the material microstructure and largely maintains the key mechanical properties [4, 8] . However, with a single annealing process, residual free radicals remain in the crystals of the material and the material has the potential for posttreatment oxidation [18, 30] . To further improve on HXLPEs to achieve oxidative resistance, maintain the mechanical strength of conventional polyethylene, and maintain low wear, two secondgeneration HXLPEs have been developed: sequentially irradiated and annealed (X3 TM ; Stryker Orthopaedics; Mahwah, NJ, USA) [8] and E-poly [28] . The sequential irradiation and annealing process increases the amount of cross-linking. Simulator testing found 60% lower wear than for first-generation annealed material [8] .
The clinical wear rates of the first-generation once annealed HXLPE at 5 and 10 years have been reported, showing reductions in linear wear of 72% and 78%, respectively, compared with conventional polyethylene gamma sterilized in an inert atmosphere [3, 5] . However, similar wear rates for second-generation HXLPEs have not been reported.
The primary objective of this study was to determine if a second-generation (sequentially) annealed material has low linear wear at 5 years followup. The secondary objectives were to evaluate for overall survivorship, implant fixation, osteolysis, and effect of socket inclination on linear wear.
Patients and Methods
In a prospective multicenter trial we enrolled 166 patients who underwent 178 THAs using a second-generation sequentially annealed polyethylene liner; all patients were enrolled from May 2005 to January 2007. Subjects were enrolled in the study provided they met all selection criteria for primary THA and agreed to participate in the study by signing a study-specific, IRB-approved, Informed Patient The sequentially annealed HXLPE (X3 TM ) was produced using Hoechst GUR 1 1020 UHMWPE (Hoechst AG, Oberhausen, Germany), consolidated by compression molding. Cross-linking for the specimens of the X3 TM material was achieved in three cycles using a sequential irradiating and annealing process. Each cycle consisted of gamma irradiation to a dose of 3 Mrad followed by heating at 130°C for 8 hours. The total radiation dose was 9 Mrad. After machining, the specimens were sterilized using gas plasma. All patients received the same tapered titanium cementless femoral stem (Secur-Fit TM hydroxyapatite hip stem; Stryker Orthopaedics) and cementless titanium hemispherical acetabular shell (Stryker Orthopaedics) with a 32-mm CoCr head and a 0°liner (Trident 1 Acetabular System; Stryker Orthopaedics). This differs from the first-generation annealed HXLPE (Crossfire; Stryker Orthopaedics) which was produced using 75 kGy of gamma irradiation followed by annealing at 130°C for 8 hours and sterilized by 30 kGy of gamma irradiation in nitrogen [8] . The posterior surgical approach was used in 89.3% and the lateral approach in 10.7%.
We followed patients at 6 to 7 weeks, 1 year, and yearly thereafter. At each visit we obtained an AP view radiograph of the pelvis centered over the symphysis pubis, an AP view of the hip centered over the femoral head, and a table-down lateral radiograph of the hip. The patient was in the supine position for all views. We digitized the AP radiographs of the pelvis with a high-resolution optical scanner (Vidar Corp, Herndon, VA, USA) and used Martell software (Hip Analysis Suite; University of Chicago, Chicago, IL, USA) [21, 22] to analyze linear head penetration from baseline (6-7 weeks) to each followup, cup inclination, and anteversion ( Fig. 1 ). The underlying approach of the Martell method was to find the circles that best fit the prosthetic femoral head and the acetabular component using an edge-detection algorithm. The centers of the acetabular component and the femoral head then were found to calculate the magnitude and direction of the femoral head penetration. Femoral head penetration was measured between the 6-week radiograph and each followup radiograph. The 1-year radiographs were used to estimate initial bedding-in; by this time bedding-in is essentially complete [12, 21] . Penetration rates from 1 year to last evaluation then served as the basis for the yearly linear wear rates of the hips evaluated at 3, 4, and 5 years. Mean volumetric wear rate, V was calculated using the following geometric formula: V = Pl * R * R * W, where Pl = 3.1416, R = radius of the femoral head in mm; W = mean 2-D wear rate. The formula is based on cylindrical wear pattern perpendicular to the face of the cup.
The postoperative radiographs were reviewed by an orthopaedic surgeon (SZ) who was not part of the study group. Hips were evaluated radiographically for radiolucent lines and osteolysis in acetabular component zones as described by DeLee and Charnley [6] and in all femoral Gruen zones [14] on AP and mediolateral radiographs. Implant stability was evaluated according to criteria described by Engh et al. [10] . A stem was considered stable with osseous ingrowth if there were an absence of divergent radiodense lines and accretion of endosteal bone (cancellous condensation or spot welds) in hydroxyapatitecoated zones. A stem was considered stable with fibrous ingrowth if there were parallel radiodense lines involving the hydroxyapatite-coated zone but no subsidence, and a stem was considered unstable if it was surrounded by nonparallel radiodense lines or if it had subsided. A radiolucent line was defined as a lucent area in close proximity to the implant encompassing at least 50% of the zone and at least 1 mm in width. Implant migration was defined as prosthetic migration from fixed bony landmarks measured in 0.5-mm increments at each evaluation. Osteolysis was recorded for a specific area of bone loss (scalloping) without the presence of a reactive line for all implant zones.
We used Kaplan-Meier survivorship with revision for any reason as the end point [17] . The distribution of penetration data was examined for normality using histograms and statistically with the Shapiro-Wilk test. The median penetration rates were compared with the mean to show that the data are normally distributed. For the purpose of this article, the data are presented with mean and SD. A scatter plot of the femoral head penetration was plotted and the slope of the best-fit linear regression line was calculated to obtain the wear rate of X3 TM polyethylene. We compared wear for hips with 40°to 50°inclination with that of hips with inclination less than 40°and greater than 50°. SAS statistical software package version 9.1 (SAS Institute Inc, Cary, NC, USA) was used for data analysis.
Results
The mean linear head penetration ranged from 0.040 mm in the first year to 0.072 mm for 6 weeks to 5 years ( Table 2 ). The polyethylene wear rate is represented by the slope of the best-fit linear regression line (Fig. 2) . The total penetration at 1-year was found to be normally distributed (Shapiro-Wilk test, p = 0.096, Skewness = À0.032, and Kurtosis = À0.205). Data at other intervals are approximately normal. The 1-to 3-year linear penetration was 0.048 mm, yielding an estimated linear wear of 0.024 mm per year. Mean head penetration for 1 to 4 years was 0.061 mm, yielding an estimated linear wear of 0.020 mm per year. The 1-to 5-year penetration was 0.032 mm yielding an estimated wear of 0.008 mm per year. The slope of the best-fit regression line was 0.015 mm per year to 5 years, which represents the overall wear rate of the polyethylene and was 58% less than the reported wear of the first-generation annealed material at 5 years [5] . Median penetration rates were compared with the mean and the difference ranges from 0.001 mm at 3 years to 0.01 mm at 5 years ( Fig. 3) . Volumetric wear was calculated to be 12.1 cubic mm per year at 5 years followup.
The Kaplan-Meier survivorship, with revision for any reason as the end point, was 97.8% at 5 years (Fig. 4) . For the overall population of 166 patients (178 hips), four revisions (2.2%) occurred during the first year of followup (Table 3) : one for acetabular component migration; one for recurrent dislocations; one for deep joint infection; and one for periprosthetic fracture. There were no failures of the bearing surface and there are no impending revisions.
We observed no patients with osteolysis and all acetabular and femoral implants are well fixed. We observed no significant difference (p = 0.150) in penetration rates (6 weeks to 3 years and 4 years) for hips with inclination of 40°to 50°compared with those with inclinations less than 40°or greater than 50° (Fig. 5 ). The mean cup inclination was 45.1°(SD = 6.9°) and mean anteversion 16.1°( SD = 7.3°). The only high outlier had a penetration rate of 0.104 mm per year at 3 years, 0.053 mm per year at 4 years, and a cup inclination of 72° (Fig. 6 ).
Discussion
Cross-links, bonds that interconnect polyethylene molecules, reduce wear in the hip by increasing molecular resistance to forces at the joint surface and were studied and described as early as 1978 [13, 26] . The cross-linking process involves irradiation and heating to achieve stabilization. Annealing (below melting temperature) is one such heating process. The first-generation annealed HXLPE was irradiated and annealed a single time, but to improve on this, a new second-generation material was sequentially irradiated and annealed. The primary objective of this study was to determine if a second-generation (sequentially) annealed material has low linear wear at 5 years followup. The secondary objectives were to evaluate for overall survivorship, implant fixation, osteolysis, and socket inclination versus wear. This is the first report of 5-year followup of linear wear for a second generation HXLPE. We note limitations to our study. First, we had patients lost to followup (2.3%), and missing or unreadable radiographs at 3 years (10.7%) and 4 years (8.3%) that had the potential to miss outliers with high wear or implant failure. However, patients with the missing radiographs at 3 and 4 years had all available radiographs at 5 years. Second, we had no intraobserver and interobserver validation of radiographic readings but we believe the data are acceptable based on the Martell software. Repeatability of the measurements (on the basis of five measurements per patient) using Martell's technique was reported by Hui et al. [16] , with use of an intraclass correlation coefficient. The Hip Analysis Suite provided two-dimensional linear penetration estimates that had a good correlation with the data derived with the coordinate measuring machine, with r 2 = 0.80 (p \ 0.001). Third, this is a mid-term report and longer-term studies are important to show whether the use of this HXLPE continues to have low wear, reduce the incidence of osteolysis, and improve longevity of THA. Fourth, this was a nonconsecutive series that potentially could bias the selection of patients. Fifth, we found negative wear measurements that are inherent in the Martell technique, a common and acceptable method of measuring and reporting wear; these values reflect noise (negative values) at the lower limits of accuracy of the measurements. If we discard the negative values, the standard deviation would be artificially reduced whereas the mean wear values would increase. Sixth, we had no control study cohort and are relying on less than ideal historic reports. We believe that the strengths of this study include the prospective multicenter design, standardized radiographic protocol, and uniform implant system used for each study patient.
The 1-to 5-year head penetration for the 51 hips with 5 years followup was 0.008 mm per year and is similar to other 4-to 7-year reports of first-generation materials that range from 0.005 mm per year to 0.05 mm per year (Table 4) [1, 5, 20, 24, 29] . The overall linear wear rate (slope of the best-fit regression line) during the 5-year followup for this second-generation sequentially annealed HXLPE (X3 TM ) was 0.015 mm per year. When comparing the wear rate of the HXLPE with a conventional polyethylene, reductions of 72% [5] , 82% [1] , 81% [24] , and 86% [29] have been reported (Table 4 ). Different head size might influence linear and or volumetric wear. Lachiewicz et al. [20] found no difference in linear wear between 26 and 40 mm heads but did find higher volumetric wear with larger femoral heads when tested against HXLPE. In our earlier study [5] of a first-generation annealed HXLPE, we used a 28-mm head diameter, whereas in this study patients received a 32-mm head. Comparing the 5-year linear and volumetric wear of the first and second generation materials we found the linear wear was 0.036 mm per year versus 0.015 mm per year (58% reduction) and the volumetric wear also was reduced from 22.1 mm per year to 12.1 mm 3 per year (45% reduction). If the two materials (first-and second-generation HXLPE) had similar wear characteristics, then one would have expected to possibly see an increase in volumetric wear with the larger head size. Instead we found the opposite, a decrease in volumetric wear suggesting that the second-generation material may be more wear resistant than the first-generation material.
We found a survivorship with revision for any reason as the end point of 97.8%. All revisions occurred within the first year after surgery and were unrelated to the bearing surface. There was one revision for early acetabular component migration. This is similar to recent reports of 100% survivorship of the HXLPE bearing surface [20, 24, 29] , and of those reports, only Mutimer et al. [24] reported aseptic loosening (2%).
We observed no osteolysis on routine radiographs at last followup. Lachiewicz et al. [20] also reported no osteolysis and Thomas et al. [29] reported a 5% incidence for patients receiving first-generation HXLPEs. Our previous study at 4.8 years with the first-generation annealed HXLPE also showed no evidence for osteolysis, but 17.4% of the patients who received the control (conventional polyethylene) had osteolytic changes in the proximal femur [5] .
We found no difference in overall penetration rates for components in or outside the 40°to 50°cup inclination range. Our only outlier had a penetration rate of 0.104 mm per year at 3 years, 0.053 mm per year at 4 years, and had socket inclination of 72° (Fig. 5 ). Increased inclination of the acetabular component has not been associated with increased wear for gamma in air conventional polyethylene [7] . Longer-term followup with this study will further elucidate the relationship between wear of HXLPE and cup inclination.
Although the annealing process preserves crystallinity and the basic mechanical properties of conventional polyethylene [4, 8] , the presence of free radicals in the firstgeneration material (Crossfire 1 ; Stryker Orthopaedics) raised concerns regarding the potential for in vivo oxidation [18, 19, 30] . Although retrievals of Crossfire 1 implants have shown oxidation at the rim, no substantial oxidation at the bearing surface and/or locking mechanism has been observed and low wear has been reported for all retrieved implants [18] .
The rationale for the second-generation annealed HXLPE was to minimize the presence of free radicals while maintaining the high wear resistance of the firstgeneration material without degradation of the mechanical strength properties of conventional polyethylene. By using a sequential irradiating and annealing process, preclinical testing showed the crystallinity, density, and tensile strength of the X3 TM HXLPE was unchanged by oxidative challenge and the wear particles generated were the same size as those produced with conventional UHMWPE [8] .
The wear rate for the Crossfire 1 at 5 years was 0.036 mm per year whereas the wear rate for the second-generation material (X3 TM ) at 5 years was 0.015 mm per year, representing a 58% wear rate reduction. In a radiostereometric analysis by Campbell et al. [2] , the annual wear rate of the X3 TM polyethylene was reported as 0.015 mm per year, which is comparable to our findings. Our clinical experience with annealed HXLPEs to date has shown low wear and maintenance of mechanical integrity of the bearing surface. The sequentially annealed HXLPE had lower wear than the first-generation annealed material at 5 years followup and offers the theoretical advantage of oxidative resistance. These new bearing surface materials offer hope for longevity of THA, but their clinical performance for a 15-to 20-year period will determine the true importance of this cross-linking process.
